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We report on efficient and fast hybrid photorefractive polymer sensitized with cadmium selenide
sCdSed quantum dots. The surface of the quantum dots was treated with 4-methylbenzenethiol. This
surfactant is responsible for efficient photoinduced charge generation in the composite, leading to
fast grating build-up times of 100 ms and below. Overmodulation of the diffraction efficiency was
observed at an applied field of 60 V/mm. © 2004 American Institute of Physics.
[DOI: 10.1063/1.1771451]
In recent years, the number of potential applications for
nanoparticles in technology has been growing considerably,
mainly motivated by the ability to fine tune their optical and
electrical properties by controlling their size.1 Quantum con-
finement effects are used to confer properties to the nanopar-
ticles that are markedly different from those of the bulk. For
instance, spherical semiconductor nanoparticles(or quantum
dots) integrated in organic semiconductors have been used
recently in electroluminescent devices,2,3 photovoltaic cells,4
and quantum dot lasers.5 Here, semiconductor nanoparticles
are used as sensitizers in efficient photorefractive(PR) poly-
mers.
PR materials have numerous potential applications in
real-time optical processing because they provide a medium
for the recording of reversible and nonlocal volume holo-
grams. The first step in the generation of a PR hologram
involves the photogeneration of charge carriers. This is gen-
erally achieved in traditional polymers by doping the mate-
rial with a small amount of organic molecules that form a
charge-transfer(CT) complex with the semiconducting ma-
trix, providing sensitivity in the visible and near infrared.6,7
PR polymers can also be sensitized with quantum dots(QDs)
of semiconductors, such as CdS,8 CdSe,9,10 PbS,11 or HgS.11
However, to date, the performance of such materials in terms
of diffraction efficiency and response time was found to be
inferior to that of materials sensitized with organic mol-
ecules. The slower dynamic response can be attributed to the
surfactant coated on the surface of the QD that provides for
solubility but simultaneously reduces the electron transfer
efficiency12 during the photogeneration of carriers. In this
letter, we report on a PR composite sensitized by cadmium
selenidesCdSed QDs coated with a thin surfactant that en-
ables efficient photoinduced charge generation in the mixture
and leads to response times of 100 ms and below, combined
with a large dynamic range.
The nanoparticles were synthesized by the reverse mi-
celle method.13 The size of the nanoparticles could be con-
trolled by changing the surfactant-to-water ratioW, as well
as the reaction time. This allows the absorption edge to be
tuned from 650 nm to 500 nm by decreasing their average
size. In comparison, the absorption edge of bulk CdSe is
712 nm. The surface of the CdSe nanoparticles was treated
with 4-methylbenzenethiol. This surface treatment provides
good chemical stability and simultaneously ensures good
solubility in the common solvents used to mix the different
components necessary to produce PR polymers. To synthe-
size the CdSe nanoparticles, a surfactant-to-water ratio of
W=11.1 was used to provide sensitivity at 633 nm.
The performance of the QDs as sensitizers was investi-
gated by incorporating them into a polymer composite, re-




wt. %d. PVK provided thep-type semiconducting matrix,
mixtures of 7DCST and DBDC were used as chromophores
to confer orientational birefringence and good phase stability
to the composite, and BBP was a plasticizer that reduced the
glass transition temperature to ensure rotational mobility of
the chromophores. For reference, a composite referred to as
R, without extrinsic sensitizer, and composition: PVK/
7DCST/DBDC/BBP s50/25/15/10 wt. %d was also pre-
pared. CompositesQD andR were sandwiched between two
indium-tin coated coated glass slides leading to samples of
type QD andR, respectively. The absorption coefficientsad
at 633 nm of 105mm thick samples was 143 cm−1 and
6 cm−1 in QD andR respectively. Differential scanning calo-
rimetry experiments conducted on compositesQD and R
yielded a broad range of glass temperatures between 20 and
40°C. The ability of the chromophores to reorient in the
composite was further confirmed using a transient ellipsom-
etry technique.14 Samples of a composite referred asPM,
with composition PVK/BBP/CdSes70/29/1 wt. %d, were
prepared to provide a comparison with the photoconductive
properties of samplesQD and to isolate the contribution of
the nanoparticles to the photogeneration of carriers from the
possible influence of the chromophore. The absorption coef-
ficient of 105mm thick PM samples, at 633 nm, was
63 cm−1. Surprisingly, the absorption ofQD was different
from that expected from the linear superposition of the ab-
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sorption of compositesR and PM, suggesting the possible
formation of a CT state between the nanoparticles and the
chromophores since no evident CT states where observed
with the matrix itself. As shown in the inset of Fig. 1, the
formation of a broad redshifted band was confirmed in thin
films of the compositeQD, and led to a significant increase
of the photoconductivitysph. As shown in Fig. 1, the larger
photosensitive response, defined asS=sph/ I, of samplesQD,
as compared with that ofPM, confirms that in the presence
of the chromophores the photogeneration of carriers is sig-
nificantly enhanced.
The photorefractive properties were characterized by
four-wave mixing and two-beam coupling experiments. The
tilted geometry configuration was used, in which two
633 nm writing beams are incident on the sample with an
interbeam angle of 20.5° in air and the surface sample nor-
mal is tilted 60° with respect to the writing beam bisector.
Transient four-wave mixing experiments were carried out to
evaluate the effect of the improved photosensitivity in
samplesQD. The diffracted power transients were fitted us-
ing Kogelnik’s thick-grating equation,15 where the time-
dependent index modulation was approximated byDnstd
~1−m expf−t /t1g−s1−mdexpf−t /t2g. As shown in the inset
of Fig. 2, the dominant time constantsst1d in samplesQD
were consistently smaller by more than an order of magni-
tude with respect to the ones obtained in samplesR. Typical
weight factors,m, were around 0.7 and 0.6 for samplesQD
andR, respectively. For instance, at 67 V/mm, t1 in sample
QD was 87 ms withm=0.69 whereas in sampleR, t1 was
2.7 s withm=0.56. As shown in Fig. 2, the dynamics of the
chromophore reorientation was the same in both samples and
faster than the grating build-up times. Althought1 cannot be
directly correlated to the space-charge field rise time since
the dispersive nature of chromophore reorientation affect the
dynamics of formation of the space-charge field,16 for our
samples, provided a nearly identical orientational dynamics,
it is reasonable to ascribe differences in the values oft1 to a
difference in the rate of formation of the space-charge field
stsc
−1d. Sincetsc
−1 is proportional to the rate of absorption per
unit length saId, differences in absorption can be compen-
sated for by the proper normalization of the initial build-up
rate byaI. For timest,t1!t2, the first-order approxima-
tion of Dnstd yields an initial build-up rate proportional to
m/t1. At 67 V/mm, the value of the normalized build-up rate
is 0.055 cm3/J in samplesQD and 0.035 cm3/J in R. There-
fore, differences in the formation rates must be attributed to
the contribution of the nanoparticles to the photogeneration
of carriers. With the high value for the ionization potential of
CdSes6.7 eVd, the optical excitation of the nanoparticles is
likely to lead to the injection of a hole into the chromophore
and/or matrix which have both ionization potentials of
5.9 eV.
The steady-state PR properties of samplesQD andR are
shown in Fig. 3. In both types of samples, overmodulation of
the diffraction efficiency was observed at around 60 V/mm.
The maximum external diffraction efficiency in samplesQD,
around 20%, was limited by absorption and scattering. Due
to the photosensitive response in samplesR, similar diffrac-
tion efficiency to samplesQD is expected provided their
chromophore content and that steady state has been reached.
As show in the inset of Fig. 3, the gain coefficients at low
electric fields are also similar in both types of samples and
start to differ for fields above 50 V/mm where the contribu-
tion of the QDs to the photogeneration and redistribution of
carriers start to be significant.
In summary, we have developed a hybrid PR polymer
with properties comparable to those of composites sensitized
with organic molecules. It was shown that the use of
4-methylbenzenethiol as a surfactant enables an efficient
photogeneration of carriers in the bulk that leads to hybrid
PR composites with unprecedented response times and large
FIG. 1. Field dependent photosensitivity at 633 nm in samplesQD (tri-
angles), R (circles), andPM (squares). Inset: Visible spectrum of thin films
of samplesQD (triangles), R (circles), andPM (squares).
FIG. 2. Temporal evolution of the diffraction efficiency in sampleQD (tri-
angles) and sampleR (circles) at 66.7 V/mm and temporal evolution of the
birefringent response in samplesQD (+ symbols) and in sampleR (3
symbols) at 57 V/mm; solid lines are fits to a sine-squared weighted biex-
ponential temporal evolution. Inset shows the field dependence of the fast
time constant,t1, of the photorefractive grating build-up in samplesQD
(triangles) andR (circles).
FIG. 3. Field dependence of the normalized steady-state diffraction effi-
ciency measured in samplesQD (triangles) andR (circles). Inset shows the
field dependent gain coefficients measured in samplesQD (triangles) andR
(circles).
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dynamic range. With the wide variety of semiconductor QDs
with different band gaps, PR polymers can potentially be
sensitized over a broad spectrum, including at wavelengths
for telecommunications1300–1600 nmd.
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